Viroids are the smallest known pathogenic agents. They are noncoding, single-stranded, closed-circular, "naked" RNAs, which replicate through RNA-RNA transcription. Viroids of the Avsunviroidae family possess a hammerhead ribozyme in their sequence, allowing self-cleavage during their replication. To date, viroids have only been detected in plant cells. Here, we investigate the replication of Avocado sunblotch viroid (ASBVd) of the Avsunviroidae family in a nonconventional host, the yeast Saccharomyces cerevisiae. We demonstrate that ASBVd RNA strands of both polarities are able to self-cleave and to replicate in a unicellular eukaryote cell. We show that the viroid monomeric RNA is destabilized by the nuclear 3 and the cytoplasmic 5 RNA degradation pathways. For the first time, our results provide evidence that viroids can replicate in other organisms than plants and that yeast contains all of the essential cellular elements for the replication of ASBVd.
Viroids are the smallest and the simplest eukaryotic known pathogens (12) . They are single-stranded circular RNAs capable of infecting plants and range from 246 to 401 nucleotides (nt). However, some variants of 120 or 475 nt are referenced in the subviral RNA database (47) . Unlike viruses, they do not code for any protein, they are devoid of capsid or envelope, and are highly structured (13, 58) . More than 34 viroid species have been described; they are divided into two families: the Pospiviroidae and the Avsunviroidae. Viroids of the Pospiviroidae family replicate via an RNA rolling-circle mechanism in the nucleus, and in the chloroplasts for the members of the Avsunviroidae family. Viroids move through the plant via the phloem and plasmodesmata that are part of the plant's vascular system and are transmitted by mechanical means, vegetative reproduction, and via seeds and insects (14, 15, 42) . Members of the Avsunviroidae family such as Avocado sunblotch viroid (ASBVd) contain a catalytic hammerhead ribozyme and replicate through the following mechanism (20, 21, 53) . The infectious monomeric circular RNA, which has positive-strand [(ϩ)] polarity, is transcribed by a host RNA polymerase, yielding oligomeric negative strands that self-cleave via the viroid ribozyme into monomers and circularize into negative-strand [(Ϫ)] circular viroids. These RNA species serve as templates to form (ϩ) polarity RNAs following the same steps in a symmetrical manner. According to this replication mechanism, the ribozyme undergoes self-cleavage on RNAs of both polarities. Therefore, both (ϩ) and (Ϫ) monomeric circular RNAs accumulate in tissues infected by Avsunviroidae.
Based on these characteristics, ancestral viroids might have been present in an ancient RNA world (11, 23) , one of the major scenarios of evolution in which the functional properties of nucleic acids and proteins observed today would have originally been performed by ancestral RNA molecules (2, 30, 37, 41) . In this context, it is interesting to explore the behavior of viroids and of other phylogenetically related satellite RNAs in different conditions (19, 38) . For instance, we have already studied the resistance and catalytic properties of small hairpin ribozymes in extreme pressure conditions, assuming that these conditions are quite similar to the primitive conditions prevailing early in evolution (54, 62) .
Following this line of investigation, the present study was designed to test the ability of a member of the Avsunviroidae to replicate in a nonconventional host, i.e., one different from the plant phylum. Yeast provides a promising model system for studying several aspects of viroid adaptation. In particular, Saccharomyces cerevisiae, a unicellular eukaryotic organism originally isolated from the skin of grapes, presents powerful and convenient resources in molecular and cell biology (3) . It exhibits several functional similarities with various plant cells, and studies with plant viruses such as Brome mosaic virus have shown that certain viruses can complete most of the steps required for their intracellular replication in yeast cells (29, 50) . Several viruses exist in S. cerevisiae, including two single-stranded and two double-stranded RNA viruses (reviewed in reference 60), but no viroid has thus far been identified in this organism.
We report here that the transformation of S. cerevisiae with plasmids expressing a dimer transcript of the (ϩ) or (Ϫ) ASBVd sequences, via a constitutive or an inducible promoter, allows transcription and replication of both strands of the viroid. This proves that yeast contains cellular factors compatible with the replication of ASBVd. In addition, using yeast strains defective for the 5Ј33Ј and 3Ј35Ј RNA decay pathways, we show that ASBVd RNAs are subjected to degradation by Xrn1p, a cytoplasmic 5Ј exonuclease (27) , and by Rrp6p, a specific component of the nuclear exosome, a complex of 3Ј35Ј exonucleases (56) . The present study provides the first evidence for the replication of viroids in organisms different from plants. These findings raise the question of the host range specificity of viroids and of their infectious capacity in other domains of life.
MATERIALS AND METHODS
Strains, media, and genetic methods. The strains of S. cerevisiae used are listed in Table 1 . Strains were grown either in 2% glucose-rich medium or in complete supplement medium, without uracil for plasmid maintenance (CSM-URA; Gibco) and containing 2% glucose or 2% galactose. Transformation was carried out as described previously (22) .
Oligonucleotides. The oligonucleotides used were obtained from Eurofins MWG Operon and are listed in Table 2 .
Construction of ASBVd expression plasmids. The ASBVd dimer was amplified by PCR from pBdASBVd plasmid expressing an ASBVd DNA dimer (starting at position 154 and ending at position 153) (10), using primers ASBVd1 and ASBVd2 that incorporate the restriction sites BamHI and EcoRI at the 5Ј and 3Ј extremities of the PCR product, respectively. The resulting DNA fragment was cloned into plasmid pCRII-TOPO (Invitrogen), yielding pCRII-TOPO-dASBVd. The BstX1 fragment of this plasmid was cloned at the corresponding sites of the multicopy expression vector pFL61 (URA, 2, PGK1 promoter) (39) . Plasmids expressing dimeric (ϩ) or (Ϫ) ASBVd were selected after sequencing (Eurofins MWG Operon) using primer pFL61seq and designated, respectively, pFL61-ASBVd(ϩ) and pFL61-ASBVd(Ϫ). The plasmid pYES2-ASBVd(Ϫ) expressing the (Ϫ)ASBVd cDNA dimer was constructed as follows: the BamHI-EcoRI fragment of the pCRII-TOPO-dASBVd was cloned under the control of the GAL1 promoter into the corresponding sites of pYES2 plasmid vector (URA3, 2; Invitrogen), and the resulting plasmid was sequenced with the T7 primer (Eurofins MWG Operon). The pYES2-ASBVd(ϩ) plasmid was obtained as follows. The pFL61-ASBVd(Ϫ) was digested by using NotI, and the resulting fragment was cloned into the corresponding site of pYES2. The resulting plasmid expressing the (ϩ)ASBVd cDNA dimer was selected after sequencing with the T7 primer.
RNA extraction. Total RNAs were phenol extracted from S. cerevisiae following the standard hot phenol protocol (55) .
Strand-specific RT-PCR. One g of total RNAs treated with Turbo DNase (Ambion) was subjected to reverse transcription (RT) with ThermoScript reverse transcriptase (Invitrogen) using 2 pmol of LK-ASBVd3 or LK-ASBVd4 as primers to synthesize (Ϫ) or (ϩ) cDNAs, respectively, in the presence of actinomycin D (6 mg/ml) to hinder any DNA-dependent polymerase activity (44) . These primers contain the linker (LK) sequence 5Ј-gactggagcacgaggacactgc-3Ј attached to the 5Ј end of a sequence specific for each strand (6, 32) . One-tenth of these reactions was used as a template for PCR amplification. Amplifications were performed in 20 l of 1ϫ Taq polymerase buffer, with 10 pmol of each primer (LK sequence alone was used as primer with the strand-specific primer ASBVd3 or ASBVd4), 5 nmol of each deoxynucleoside triphosphate, and 5 U of Taq DNA polymerase (Qbiogene). The standard program was run on an Eppendorf thermal cycler: 5 min at 94°C, followed by 40 cycles of 45 s at 94°C, 45 s at 50°C, and 45 s at 72°C; followed in turn by a final 5 min at 72°C. The products were separated on a 1.2% agarose gel. The expected PCR products are 269 nt long, corresponding to the ASBVd monomer (247 nt) plus the linker sequence (22 nt).
Monomeric circular viroid RNA detection. The protocol was adapted from a cRT-PCR (for circular RT-PCR) procedure (8) . Total RNAs (15 g) were separated on a 6% polyacrylamide-7 M urea gel. After migration and ethidium bromide staining, the area of the gel to which the circular viroids migrate (between 260 and 350 nt), was excised. After elution and precipitation, (Ϫ) and (ϩ) ASBVd RNAs were reverse transcribed using the strand-specific primer ASBVd3 and ASBVd4, respectively. One-tenth of these reaction products was used as a template for PCR amplification in which (ϩ) and (Ϫ) cDNAs were amplified using primers ASBVd3 and ASBVd4. Forty cycles of PCRs were performed as described above. After migration, the 247-nt fragments were extracted from the 1.2% agarose gel by using a QIAquick gel extraction kit (Qiagen), cloned, and sequenced (Eurofins MWG Operon).
Northern blot hybridization. After DNase treatment, total RNAs (5 g) were separated on a 6% polyacrylamide-7 M urea gel and electrotransferred onto a Hybond Nϩ membrane (GE Healthcare). The membranes were incubated overnight at 70°C in hybridization solution (GE Healthcare) containing denatured riboprobes. Riboprobes were generated by in vitro transcription in the presence of [␣-32 P]UTP. The (ϩ) and (Ϫ) probes encompassing the entire sequences of the ASBVd dimer were synthesized with T3 (Roche) or T7 (Biolabs) RNA polymerase from the linearized pBdASBVd plasmid. The oligonucleotide SCR1rev (Table 2 ) was 5Ј labeled with [␥- glycerate kinase 1) promoter and the PGK1 terminator was constructed, yielding plasmids pFL61-ASBVd(ϩ) and pFL61-ASBVd(Ϫ), respectively ( Fig. 1 ). The wild-type yeast strain BY4741 was transformed either by the empty pFL61 vector (39) , by pFL61-ASBVd(ϩ) or by pFL61-ASBVd(Ϫ), yielding strains YCDF1P, YCDF2P(ϩ), and YCDF2P(Ϫ), respectively. In plants, members of the Avsunviroidae replicate through a symmetric rolling-circle mechanism during which the circular (ϩ) or (Ϫ) monomeric RNAs used as templates are transcribed by an RNA polymerase in (Ϫ) or (ϩ) oligomeric strands that selfcleave and ligate to (Ϫ) or (ϩ) circular monomeric RNAs. To determine whether both the (ϩ) and (Ϫ) strands of ASBVd accumulated in the different strains, total RNAs were extracted and tested by a strand-specific RT-PCR assay ( Fig. 1 ). An LK sequence was added to the 5Ј end of each reverse strand-specific primer used during RT. The LK sequence alone was used as primer with the strand-specific primer for the PCR. Thus, solely DNA specifically synthesized during RT could be amplified during the PCR. RNAs extracted from ASBVd-infected avocado plants (Persea americana) and YCDF1P were also tested, respectively, as positive and negative controls. and ASBVd(Ϫ) sequences are represented in blue and green, respectively. In the first step, self-cleavage of the ASBVd dimeric form (dASBVd) via the ribozymes lead to the linear monomeric form (lmASBVd) and to the circular monomeric form (cmASBVd). In the second step, when RNA-dependent replication occurs, linear oligomers (loASBVd), lmASBVd, and cmASBVd of the opposite polarity are produced. Blue and green arrows encompassing the linker sequence (LK), indicated as a black line, represent primers used during strand-specific reverse transcription (RT). During PCR amplification, the LK sequence alone is used with the PCR primers (blue or green arrows), in order to avoid any amplification of DNA from the plasmid. It is important to note that the cDNA resulting from RT of dASBVd, cmASBVd, and loASBVd can be PCR amplified, whereas the cDNA resulting from the lmASBVd cannot.
FIG. 2. Detection of (ϩ) and (Ϫ) ASBVd forms using strand-specific RT-PCR in S. cerevisiae. Strand-specific RT-PCR was performed as described in Materials and Methods and illustrated in Fig. 1 on total RNAs from the YCDF1P strain (lanes 2 and 3), ASBVd-infected plants (lanes 4 and 5), the YCDF2P(ϩ) (lanes 6 and 7), and the YCDF2P(Ϫ) (lanes 8 and 9) strains. (ϩ) and (Ϫ) strains were transformed with pFL61-ASBVd(ϩ) and pFL61-ASBVd(Ϫ), respectively. Yeast strains were grown at 30°C in 2% glucose complete supplemented medium without uracil (CSM-URA) to a cell density of A 600 ϭ 0.6. Lane 1, Mass Ruler DNA mix ladder (Fermentas). The amplified cDNAs were separated on a 1.2% agarose gel and stained with ethidium bromide. For lanes 2, 4, 6, and 8 that correspond to experiments performed with the primer LK-ASBVd3, stronger contrasted images are shown.
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A VIROID REPLICATES IN YEAST 3231 YCDF2P(Ϫ) strain expressing the (Ϫ) dimeric form from the plasmid, (ϩ) forms of ASBVd could also be observed (Fig. 2,  lane 9) . Similarly, in the YCDF2P(ϩ) strain expressing the (ϩ) dimeric form, bands corresponding to (Ϫ) transcripts could be detected with stronger contrast (Fig. 2, lane 6 ). As expected, these PCR products were 269 nt long corresponding to the ASBVd monomer (247 nt) plus LK sequence (22 nt). Taken together, these results provide evidence for ASBVd RNA detection of both polarities in each strain transformed by the ASBVd dimer of opposite polarity, suggesting that the (ϩ) or (Ϫ) forms are replicated via an RNA-dependent process in yeast. Both ASBVd strands are processed from oligomeric to monomeric forms in S. cerevisiae. To further characterize the different RNA forms of ASBVd in yeast, we analyzed, by use of Northern blotting, the ASBVd RNAs in strains YCDF2P(ϩ) and YCDF2P(Ϫ) (Fig. 3) . Total RNAs from yeast strains expressing the (ϩ) or (Ϫ) ASBVd dimer were extracted, loaded onto a 6% polyacrylamide gels, and transferred onto nitrocellulose membranes. The membranes were probed with riboprobes corresponding to in vitro transcription of the (ϩ) or (Ϫ) ASBVd dimer (see Materials and Methods), and the level of scR1 RNA, an RNA polymerase (Pol) III product, was used as a loading control (57) . RNAs extracted from ASBVd-infected avocado plants and the YCDF1P strain were loaded onto the gel as, respectively, positive and negative controls. In the YCDF2P(ϩ) strain, both linear and circular forms of (ϩ) monomer RNAs accumulated in the three clones tested (Fig.  3A, lanes 3 to 5) , indicating that the hammerhead ribozyme is active. Interestingly, the circular versus linear ratio in yeast (89% of circular form) was comparable to what is observed in the RNAs extracted from plants (87% of circular form) (Fig.  3A, lane 1) . The monomeric ASBVd appeared to be mainly circular (Fig. 3A, lanes 3 to 5) , suggesting that the linear monomeric ASBVd was either rapidly circularized after synthesis or was more sensitive to exonuclease degradation.
To confirm the replication process, we examined the accumulation of negative strands in YCDF2P(ϩ), using the positive strands as riboprobes, to determine whether monomeric circular RNAs generated in yeast are used as templates for viroid replication. The circular (Ϫ) monomeric strand was observed in the three clones of YCDF2P(ϩ) (Fig. 3B, lanes 3 to 5) , indicating that RNA-RNA transcription had occurred. Accumulation was low compared to the (ϩ) circular monomeric form, but this may reflect the fact that replication of negative strands from positive strands is much less efficient compared to the transcription of positive strands from the plasmid. Indeed, the PGK1 promoter that allows positive-strand transcription, is very strong in yeast. We noticed that the negative linear monomeric strand was observed neither in yeast nor in plants infected by ASBVd. In addition, longer-than-unit length RNA species were also detected ( Fig. 3A and B, top of lanes 3 to 5) . These species were specific of ASBVd, as determined by RT-PCR analyses (data not shown), and presumably correspond to oligomers.
The same type of experiments was then carried out with the YCDF2P(Ϫ) strain. Northern blot analyzes showed that the circular forms of (Ϫ) monomers accumulated (Fig. 3C, lanes 3  to 5) in the three different clones tested. Interestingly, as observed with the RNAs extracted from plants, only the (Ϫ) circular monomeric form is detected. Furthermore, to test whether the replicated positive strands could be produced from negative strands in yeast, the membrane was probed with negative strands as riboprobes (Fig. 3D) . In the three clones tested, (ϩ) circular monomeric RNAs were detected in the YCDF2P(Ϫ) strain (Fig. 3D, lanes 3 to 5) . Longer-than-unit length ASBVd RNA species, probably corresponding to oligomers, were also observed.
Together, these results show that the hammerhead ribozyme of ASBVd is active in S. cerevisiae on both strands of ASBVd RNA. In addition, ASBVd of either polarity is replicated in yeast.
Circularization of (؉) and (؊) monomeric forms of ASBVd in S. cerevisiae. To confirm the presence of circular (ϩ) and (Ϫ) monomeric forms in transformed yeast strains, RT followed by PCR amplification were carried out as follows. Total RNAs from YCDF1P, YCDF2P(ϩ), and YCDF2P(Ϫ) were separated on a denaturing gel. RNAs migrating above linear monomers, between 260 and 350 nt, which correspond to the migration of circular monomeric forms, were extracted from gel slices. After a circular RT-PCR reaction (see Materials and Methods), a PCR product of 247 nt should be observed only if the complementary sequence of the strand-specific reverse primer is synthesized during RT, i.e., only if the monomeric form of ASBVd is circular (Fig. 1) . As seen in Fig. 4 , a PCR product of 247 nt was observed for both the negative and the positive strands of ASBVd in strains YCDF2P(ϩ) (Fig. 4 , lanes 4 and 5) and YCDF2P(Ϫ) (Fig. 4, lanes 6 and 7) . Cloning and sequencing confirmed that these products correspond to ASBVd. This result shows that positive and negative monomeric strands, transcribed from the plasmid or resulting from the replication process, are circularized. This suggests that intraligation of monomers is carried out by a ligase activity either of the yeast cell and/or of the ribozyme, as was proposed for Peach latent mosaic viroid (PLMVd) (7) .
ASBVd replicates independently of yeast RNA virus. S. cerevisiae hosts different viruses, including the double-stranded RNA (dsRNA) viruses L-A (including its killer toxin-encoding satellite, M) and L-BC and the 20S and 23S single-stranded RNA (ssRNA) replicons (36, 48, 52, 61) . These infectious elements encode proteins, especially RNA-dependent RNA polymerases. We therefore examined whether the RNA polymerases encoded by these viruses are involved in the ASBVd replication process. The yeast strain, W3625, devoid of L-A, L-BC, 20S, and 23S, was transformed either by pFL61-ASBVd(ϩ) or by pFL61-ASBVd(Ϫ), yielding strains YCDF6P(ϩ) and YCDF6P(Ϫ), respectively. Total RNAs were extracted from the yeast cells and separated on a gel. RNAs migrating between 260 and 350 nt, which correspond to the migration of circular monomeric forms, were extracted from gel slices. They were tested by a circular RT-PCR reaction, as previously described (see Materials and Methods), to determine whether the replicated forms of both strands of ASBVd accumulated and were circularized. As shown in Fig. 5 , replicated circular viroids were detectable in strains YCDF6P(ϩ) and YCDF6P(Ϫ) (lanes 4 and 5 and lanes 6 and 7, respectively). In addition, it was verified by Northern blotting using specific probes that 20S and 23S RNA replicons were not present in all of the strains used in the present study (data not shown). Consequently, the ASBVd RNAs replicate independently of RNA polymerases encoded by the yeast viruses.
Monomeric ASBVd are targeted by the nuclear and cytoplasmic yeast RNA degradation machineries. To address the question of whether viroids could be substrate for the yeast RNA degradation machinery, ASBVd RNAs were analyzed by Northern blotting in strains mutated for different 5Ј and 3Ј exoribonucleases: Rrp6p, Rat1p, and Xrn1p ( Table 1 ). The ⌬rrp6, rat1.1, and ⌬xrn1 mutant strains were transformed by either the pFL61-ASBVd(ϩ) or pFL61-ASBVd(Ϫ), yielding YCDF3P(ϩ), YCDF3P(Ϫ), YCDF4P(ϩ), YCDF4P(Ϫ), YCDF5P(ϩ), and YCDF5P(Ϫ), respectively. The strains were grown at the permissive temperature (23°C) or shifted to a restrictive temperature (37°C) for 0, 30, or 60 min. Total RNAs were extracted, loaded onto a 6% polyacrylamide gel and transferred onto a nitrocellulose membrane. The membrane was probed with riboprobes corresponding to in vitro transcription of (ϩ) or (Ϫ) ASBVd dimers (see Materials and Methods). Quantification of the signals is shown for the monomeric ASBVd and is normalized relative to scR1 (Fig. 6C and F) . Rrp6p, a nonessential 3Ј35Ј exoribonuclease, is a specific component of the nuclear exosome (4). In the YCDF3P(ϩ) strain, its depletion resulted in a 3.8-fold accumulation of the (ϩ) monomeric forms of ASBVd, at both 23 and 37°C (Fig.  6A, lanes 4 to 7) and a 2.4-fold accumulation of the (Ϫ) monomeric forms (Fig. 6B, lanes 4 to 7) in comparison to the wild type. Interestingly, in the YCDF3P(Ϫ) strain, the (Ϫ) monomer accumulated modestly (1.4-fold) (Fig. 6D, lanes 4 to  7) , whereas the (ϩ) monomer was increased 3-fold (Fig. 6E,  lanes 4 to 7) . These observations thus suggest a role for the nuclear exosome in the degradation of the linear monomeric form of ASBVd. However, only the circular form accumulates because of the assumed rapid circularization of linear monomeric ASBVd. Interestingly, in each case the (ϩ) polarity seemed to be more stable than the (Ϫ) polarity, suggesting a difference of accessibility between the two strands.
Similarly, the expression of the monomeric form of ASBVd was measured in the thermosensitive mutant strain rat1.1 (1). Rat1p, an essential 5Ј33Ј exoribonuclease, is predominantly nuclear and participates in the degradation and processing of various RNAs (45) . In the YCDF4P(ϩ) and YCDF4P(Ϫ) strains, the presence of the rat1.1 mutation did not provide clear stabilization of monomeric form of either polarity (Fig.  6A, B, D , and E, lanes 8 to 11), indicating that nuclear 5Ј exonuclease activity does not play a major role in viroid degradation.
Expression of ASBVd was finally measured in the ⌬xrn1 lanes 4 and 5) , and YCDF2P(Ϫ) (lanes 6 and 7) grown at 30°C in 2% glucose CSM-URA to a cell density of A 600 ϭ 0.6. During the RT reaction, the (Ϫ) and (ϩ) circular monomeric ASBVd were reverse transcribed using primer ASBVd3 and ASBVd4, respectively. The amplified cDNAs were separated on a 1.2% agarose gel and stained with ethidium bromide. Lane 1, 100-bp DNA mix ladder (Promega).
FIG. 5. Detection of (ϩ) and (Ϫ) ASBVd forms in an S. cerevisiae strain lacking double-stranded and single-stranded viruses. Strandspecific "circular RT-PCR" was performed as described in Materials and Methods on RNAs of the W3625 (without the yeast viruses L-A, L-BC, 20S, and 23S) (lanes 2 and 3) , the YCDF6P(ϩ) (lanes 4 and 5) and the YCDF6P(Ϫ) (lanes 6 and 7) strains. Yeast strains were grown at 30°C to a cell density of A 600 ϭ 0.6, in 2% glucose CSM-URA, except for W3625 strain grown in 2% glucose-rich medium. Lane 1, 100-bp DNA mix ladder. The amplified cDNAs were separated on a 1.2% agarose gel and stained with ethidium bromide.
A VIROID REPLICATES IN YEAST 3233 strain that lacks the essentially cytoplasmic 5Ј33Ј exonuclease Xrn1p (27) . In the YCDF5P(ϩ) and YCDF5P(Ϫ) strains, the levels of the monomeric (ϩ) and (Ϫ) forms of ASBVd substantially increased between 1.8-and 3.3-fold (Fig. 6A , B, D, and E, lanes 12 to 15). In both strains the strand produced from the plasmid accumulated in higher amounts than the replicated form. These results suggest that both the Rrp6p and Xrn1p target the viroid to degradation. Since yeast multicopy plasmids are nuclear (49) , it was expected that the monomeric form produced from transcription of the plasmid would be present in the nucleus. Indeed, a relevant part of the monomeric forms resulting from the replication process is localized in this compartment. Nevertheless, a significant fraction of the monomeric form seems to be also present in the cytoplasm where Xrn1p would participate in its degradation.
ASBVd persists without de novo plasmid expression.
To study the persistence of ASBVd through yeast cell divisions without RNA transcripts from constitutive expression plasmids, a multicopy vector harboring a (ϩ) or (Ϫ) dimeric ASBVd DNA under the control of the inducible GAL1 promoter was constructed, yielding plasmids pYES2-ASBVd(ϩ) and pYES2-ASBVd(Ϫ) (see Materials and Methods). The wildtype strain BY4741 was transformed either by the empty pYES2 vector, by pYES2-ASBVd(ϩ), or by pYES2-ASBVd(Ϫ), yielding strains YCDF7P, YCDF8P(ϩ), and YCDF8P(Ϫ), respectively. To induce viroid dimer transcription, the strains were grown at 30°C in 2% galactose CSM-URA. After the cells were harvested and washed, the cultures were incubated in 2% glucose CSM-URA to stop de novo synthesis from the plasmid. The RNAs were extracted at different times from 0 to 50 h after the shift to glucose-containing medium and then analyzed by Northern blotting (Fig. 7A and B) . As expected, upon a shift to glucose-containing medium, we observed a progressive decrease of (ϩ) mASBVd (Fig. 7A ) and (Ϫ) mASBVd (Fig. 7B) . After 50 h corresponding to about 25 generations, both polarities of mASBVd were still detected ( Fig. 7A and B, lanes 8  and 14) . These results strongly suggest that the plasmid transcription is not mandatory for the maintenance of mASBVd via RNA-RNA replication in yeast, at least during 25 generations. In addition, we noticed a stronger accumulation of the (ϩ) mASBVd in YCDF8P(ϩ) and YCDF8P(Ϫ) strains in galactose-containing medium (Fig. 7A, lanes 3 and 9) compared to the (Ϫ) mASBVd form (Fig. 7B, lanes 3 and 9) . These observations suggest a higher efficiency of (ϩ) mASBVd production in galactose-containing medium. Finally, in order to check the absence of a possible RNA transcript from the opposite strand of the plasmid in these conditions, the YCDF8P(ϩ) and YCDF8P(Ϫ) strains were grown in 2% glucose CSM-URA. The RNAs were then extracted and analyzed by Northern blotting (Fig. 7C and D) . We did not detect any ASBVd RNA corresponding to the opposite polarity ( Fig. 7C and D, lanes 5 to 7) . This result clearly confirms that the opposite polarity of the viroid is exclusively produced via the replication process.
DISCUSSION
To date, viroids, small pathogenic RNAs, have been identified only in plants. Neither Pospiviroidae nor Avsunviroidae has thus far been reported to replicate in nonplant organisms. Besides, it is well known that members of the Pospiviroidae family are able to replicate and induce symptoms in host plants that they do not naturally infect (9, 34, 35, 46, 51) . However, it has never been shown that members of the Avsunviroidae family could replicate in a nonspecific host even if self-cleavage and ligation have been described in Chlamydomonas reinhardtii (40) . Thus, it is relevant to analyze the capacity of Avsunviroidae to replicate in nonphotosynthetic organisms. In the present study, we explored the ability of ASBVd to replicate in a unicellular organism, the yeast S. cerevisiae.
ASBVd cleavage and circularization in yeast. In yeast, cells transformed by either the dimeric ASBVd(ϩ) or ASBVd(Ϫ) DNA, monomeric (ϩ) and (Ϫ) RNAs accumulated, respectively, in each strain (Fig. 3A and C, lanes 3 to 5) . This implies that the heterologous host S. cerevisiae must contain an appropriate cellular environment for efficient self-cleavage of oligomeric ASBVd RNAs. This is consistent with the report that the hammerhead ribozyme of the satellite RNA of Tobacco ring- spot virus is active in yeast (18) . Furthermore, it has recently been shown that ASBVd efficiently self-cleaves in a heterologous system, the unicellular green alga C. reinhardtii (40) . RNAs of both polarities of circular monomeric ASBVd were also detected in transformed strains (Fig. 4) . Despite the fact that ASBVd accumulates mainly as circular forms in avocado infected tissues (Fig. 3) (10) , the mechanism involved during the circularization step is still unknown. This reaction could be mediated either via a host RNA ligase or could also occur autocatalytically in the absence of protein. Nevertheless to date, in plants no host RNA ligase has been identified. On the other hand, the self-ligation activity observed in vitro for PLMVd, is relatively low (7) . In avocado cells infected by ASBVd, or in yeast (Fig. 3) , the mechanism leading to the formation of circular monomers seems very efficient compared to in vitro self-ligation (data not shown). Furthermore, the ligation ratio estimated with the hybridization signals (Fig. 3A,  lane 1 and lanes 3 to 5) is similar in infected avocado and in yeast. These observations are consistent with the ligation ratio observed with the Eggplant latent viroid, in its host, or in C. reinhardtii (33) . This very efficient process could result either from yeast RNA ligase or from self-ligation of the viroid, perhaps assisted by yeast protein activities, such as an RNA chaperon or helicase.
Replication of ASBVd in yeast. ASBVd is assumed to replicate through a symmetric rolling-circle mechanism. Thus, in plants, an unknown host polymerase recognizes the circular RNA monomer of one polarity and synthesizes linear multimers of the opposite polarity. These RNA intermediates selfcleave through the hammerhead ribozyme and produce linear monomers, which after circularization lead to circular monomers (10, 28) . In yeast cells transformed by the cDNA dimer expressing the positive ASBVd strand, the circular monomer of the opposite (Ϫ) polarity is observed (Fig. 3B and 4) . RNA of (ϩ) polarity is also detected in cells expressing (Ϫ) dimeric ASBVd cDNA (Fig. 3D and 4) . These results imply that in yeast, circular monomeric forms of both polarities could be used as templates for the synthesis of each complementary strand. Moreover, multimers of (ϩ) and (Ϫ) ASBVd, which are possible intermediates of the replication cycle, can be detected. This observation is consistent with the presence of an oligomeric series of (ϩ) ASBVd and of a lower concentration of (Ϫ) ASBVd, in ASBVd-infected tissue (5, 28) . All viroids have complementary internal sequences that account for their highly compact secondary structure. Therefore, strand-specific experiments may be delicate because of the cross-hybridization of probes between both polarities (5). Even if cross-hybridization issues and controls in viroid replication in nonspecific hosts were never mentioned in the literature (9, 40), we performed hybridization controls with (Ϫ) and (ϩ) radiolabeled probes resulting from in vitro transcription of both ASBVd polarities for all Northern blot analyzes. A very low percentage of cross-hybridization signals for both polarities was observed, clearly lower than the signal of the replicated species. It is also worth noting that the presence of the viroid in yeast cells did not give rise to an obvious growth defect at different temperatures tested on solid or liquid media. Moreover, the cells observed in photonic microscopy present a wild-type morphology. These observations suggest that, like RNA viruses of S. cerevisiae, ASBVd replicates in these cells, without lysing them or slowing their growth. In addition, since viroids are assumed to trigger symptoms via siRNA (24) , this result is consistent with the fact that this RNA-silencing pathway has been lost in S. cerevisiae (16) .
Compared to the wild-type sequence, no mutation has been detected during the sequencing analyses of ASBVd progenies isolated from S. cerevisiae. The mutation frequency is probably low, as was observed for PSTVd variants isolated from Orobanche ramosa (59) .
We further show that RNA-dependent RNA polymerases, encoded by dsRNA viruses, as well as ssRNA replicons, are not implicated in ASBVd replication (Fig. 5) . Moreover, the BY4741 strain used here contains neither 20S RNA nor 23S ssRNA replicons. Consistent with these observations, strand synthesis of L-A and L-BC dsRNAs occurs inside the viral particles and the RNA polymerases seem specific of their own RNA viruses (60) . Alternatively, we cannot rule out the possibility that one of the four yeast DNA-dependent RNA polymerases, encoded by the yeast genome, can operate as an RNA-dependent RNA polymerase. It is noteworthy that the S. cerevisiae DNA-dependent RNA Pol II has been proposed to possess RNA-dependent RNA polymerase activity in vitro, suggesting that Pol II could have evolved from an ancient replicase that duplicates RNA genomes (31) .
ASBVd degradation by the yeast RNA surveillance pathway. A key component of the RNA surveillance machinery is the exosome complex of 3Ј35Ј exonucleases, which has been well characterized in yeast. The nuclear exosome is implicated in the surveillance and degradation of aberrant nuclear precursors of many types of RNAs, including pre-mRNAs, pretRNAs, and pre-rRNAs, whereas in the cytoplasm the exosome participates in the degradation of mRNAs with structural defects (25) . Many RNAs are also subjected to degradation from the 5Ј terminus by the 5Ј exonucleases Rat1p and Xrn1p (43) . The behavior of the ASBVd products toward the RNA surveillance pathways was also examined here. Our data show that in strains expressing either the dimer (ϩ) or (Ϫ) ASBVd cDNA, the (ϩ) polarity is very sensitive to the activity of Rrp6p, which is a nuclear specific subunit of the exosome, whereas the (Ϫ) polarity is less subjected to the nuclear surveillance pathway (Fig. 6C and F) . The presence of ASBVd in the nucleus is consistent with the observation that synthesis of the viroid is localized in this compartment since yeast multicopy plasmids are nuclear (49) . Thus, a portion of the dimers presumably self-cleave in the nucleus, where the resulting linear monomers are probably recognized as aberrant RNAs and assumed to be degraded by the exosome, since they do not form "normal" ribonucleoprotein complexes (26) . In both strains depleted of Rrp6p, the (ϩ) polarity always accumulated to a greater extent than the (Ϫ) form. This difference in Rrp6p behavior, toward RNAs of either polarity, confirms that the signal is not due to cross-hybridization of the probes. Different secondary structures between both polarities could explain why the exosome accesses more easily the (ϩ) polarity than the (Ϫ) polarity. Indeed, it has been shown that RNA strands of the (ϩ) and (Ϫ) polarities of PLMVd fold into two different structures (17) . Furthermore, our results indicate that a fraction of the monomers are stabilized in the absence of the cytoplasmic 5Ј33Ј RNA degradation pathway. However, in each ⌬xrn1 strain, YCDF5P(ϩ) or YCDF5P(Ϫ), the polarity of ASBVd which is the best stabilized is the one transcribed from the plasmid (Fig. 6C and F) . This suggests that the degradation by Xrn1p occurs independently of the polarity. Consequently, a fraction of the dimers produced from the plasmid is probably exported to the cytoplasm where, after self-cleavage, linear monomers are degraded. Alternatively, linear monomers could escape to the cytoplasm where Xrn1p would take part in their degradation.
Maintenance of ASBVd in yeast cells. We report the ability of ASBVd to be maintained in cells without continuous transcription from the plasmids at least during 25 generations (Fig.  7) . In spite of nuclease activities, RNA-RNA replication is sufficiently robust to generate a relevant level of ASBVd able to multiply through generations. All known RNA viruses of S. cerevisiae spread by cell-cell fusion during the mating process and are transmitted to the next generation via cell division. Probably, the high frequency of mating in nature and the thickness of the cell wall make the extracellular route dispensable. We suggest that ASBVd utilizes this means of spreading in yeast.
Concluding remarks. Our work shows that yeast cells contain the enzymatic activities required for ASBVd RNA replication. The ability of ASBVd to replicate in yeast has significant implications for the evolution of viroids and their ability to adapt to new hosts. Our findings lead to the following question: are viroids ubiquitous in the three kingdoms of life?
